In this study, criticality safety assessments of the potential for storing transuranic element (TRU) ingots via a pyroprocess were evaluated to determine the appropriate TRU storage design parameters, in this case the ratio of the TRU ingot height to the radius and the number of TRU ingot canisters stacked within a container. Various accident situations were modeled over a modeling period of 5 years for a cumulative inventory of TRU ingots with various water densities in submerged containers and with various pitches between the containers in the facility. Under these combinations, we calculated the threshold of TRU height and radius ratio depending on the number of canisters in a container to keep the stored TRU in a subcritical state. The ratio of the TRU ingot height to radius should not exceed 4.5, 1.1, 0.5, 0.3, and 0.2 for two, three, four, five, and six levels of stacked canisters in a container, respectively.
Introduction
Nuclear power plants generate spent fuels (SFs) as ineluctable byproducts. SFs are considered types of waste and a long-lasting potential hazard to the public. Therefore, a number of countries want to bury these materials underground permanently without any reprocessing. However, SFs still possess valuable nuclear materials such as 238 U and the group of transuranic elements (TRUs), which can be recycled for use in a sodium-cooled fast reactor. Therefore, the reprocessing of SFs to extract them could be economically feasible in the future. However, the reprocessing of these materials introduces a risk when extracting 239 Pu separately from SFs as 239 Pu can be used to create atomic bombs. Recently, the idea of pyroprocessing was suggested to reprocess SFs to extract TRU together with Pu in a combined state to ensure that the separation of Pu would be fundamentally impossible. In other words, pyroprocessing must satisfy the requirements of international nuclear nonproliferation treaties. Secondary advantages of pyroprocessing are that it can reduce volume and radiotoxicity of high-level wastes and shorten the management period of the waste repository.
The products of pyroprocessing are metal fuels of the type used in sodium-cooled fast reactors. Because it is not possible to separate TRU with high fission cross sections, such as Pu, from TRU materials, pyroprocessing is regarded as a secure and peaceful means of SF recycling. In relation to this, the Korea Atomic Energy Research Institute proposed a conceptual pyroprocess facility, termed the Reference Engineering-scale Pyroprocess Facility, where 10 tons of heavy metal (tHM) SFs can be processed per year [1] . The Korea Atomic Energy Research Institute is currently revising the Reference Engineering-scale Pyroprocess Facility with the goal of realizing a facility on a larger scale capable of treating 30 tHM per year.
From a safety perspective, the criticality of TRU ingots for storage in a pyroprocessing facility is one of the major issues that must be evaluated. Although many issues related to the safeguarding of the hot cells used in pyroprocessing have been discussed, the criticality safety issue in relation to TRU storage has not yet been investigated [2e5] . On the other hand, there have been several studies regarding criticality safety with burnup credits for spent nuclear fuels [6e9]. Nonetheless, there have been no in-depth studies on the safety of SFs in a reformed state, such as TRU ingots generated from pyroprocessing [10] .
TRU storage involves filled containers arranged at a certain pitch, as shown in Fig. 1 . Under normal operating conditions, the inside of the storage is filled with argon. For the simulations, the outer edges of the storage are assumed to be vacuum. A container can be packed with several canisters of TRU ingots, which are stacked upward. Fig. 1B shows an example of one such container that is composed of three levels of stacked canisters. The criticality of a TRU container depends not only on the burnup credit but also on the geometry, i.e., the height-to-the radius ratio of the TRU ingot (TRU H/R ratio) and the number of stacked canisters in a container.
The aim of this study is to find the ideal TRU H/R ratios and the number of stacked canisters such that TRU storage does not reach a supercritical state under any extreme accidental conditions. By doing so, it will become possible to estimate the effective multiplication factor (k eff ) of the storage facility using Monte Carlo NParticle transport code, version 6e1.0 (MCNP6). Details pertaining to configurations and methods of the simulations are described in the following sections.
Materials and methods

Description of TRU ingot
A TRU ingot is the metal-form product generated from the SF assemblies used in the pyroprocess. A 16 Â 16 PLUS7 fuel assembly serves as the basis for the fuel unit model in this work. The initial composition of a discharged pressurized water reactors (PWR) assembly with a 235 U enrichment rate of 4.5 w/o, burnup of 55 GWd/ MTU, and cooling time of 10 years was applied to the ORIGEN-ARP code [11] . Unit process yields in the pyroprocess were taken into account when determining the composition of the radionuclides of the TRU ingot. The primary radionuclides are shown in Table 1 . The TRU ingot is cylindrical in shape. The mass of the TRU ingot was assumed to be 4.0 kg, and the density was 19.82 g/cm 3 . The total production of TRU ingots per year is 150 pieces based on an annual throughput of 30 tHM.
Description of TRU ingot canister and container
The TRU ingot was assumed to be placed within a stainless steel (STS304) canister, and the canisters were stacked vertically inside a stainless steel (STS304) container, as shown in Fig. 1B . In our calculations, it was assumed that the number of stacked canisters could vary from two to six. The number of containers in the TRU storage area could vary accordingly; the range of the array diameter was from 1.9 to 2.9 m. The array of containers was assumed to have a hexagonal lattice pattern, as shown in Fig. 1A .
The thicknesses of the canister and the container were assumed to be 5 mm and 10 mm, respectively. The inner radius and the height of the canister were determined based on the possibility of the inner surface of the canister being placed 2 cm away from the surface of the TRU ingot. The container dimensions are just large enough to hold the canisters.
Postulation of accidental situations
The TRU storage area must be designed to comply with the criticality safety requirements recommended in 10CFR60.131. Thus, k eff should not exceed 0.95 under any extreme accidental condition. This value must include an allowance for bias and uncertainty in the calculation. Various accidental situations were postulated as described in the following to determine the most reactive configuration; three unlikely, independent, and concurrent accidental situations were taken into account. These situations are not controllable because they are caused by unexpected events such as natural disasters, accidents, or intentional manipulation.
Owing to a flood or the activation of sprinklers due to fire, water or steam can leak into a canister (or container), and the submerged canister can be fully reflected by water. Consequently, all possible water densities from 0.1 to 1.0 g/cm 3 were considered (0.1 g/cm 3 intervals) [12] .
Owing to earthquakes or instances of intentional manipulation, the pitch between the containers can vary. In this study, the assumptions are that the canisters are in contact with each other and that the pitch would increase up to 50 cm at 1 cm intervals. The inventory of TRU ingots can accumulate and be left in TRU storage for an extended period due to unexpected circumstances. For the purposes of this work, the inventory was assumed to accumulate for up to 5 years. 
Criticality calculation
The criticality evaluation in this study was carried out via MCNP6, which is a widely used tool in various validation processes and which allows for the possibility of using continuous energy and the latest nuclear cross-section libraries. Evaluated Nuclear Data File (ENDF)/B-Ⅶ.1 was used, and S (a,b) thermal neutron cross sections were applied to hydrogen in a water molecule.
All criticality calculations used 10,000 neutrons per cycle. Moreover, the initial 1,000 cycles were discarded for convergence before the k eff tallies, and 500 active cycles were run to prevent bias in the k eff calculations [13, 14] .
Results and discussion
To determine the most extreme accidental situations according to the TRU H/R ratio and the number of stacked canisters, K eff values were calculated while varying the pitches and water densities of the canisters submerged in the container. Fig. 2 shows an example of K eff as a function of the pitch in various combined situations. This figure indicates that the highest K eff arises when the containers are in contact with each other, and K eff decreases as the pitch increases. This phenomenon applies to all results calculated in this study. Fig. 3 shows a plot of the K eff values calculated as a function of the water density for various TRU H/R ratios and numbers of stacked canisters. As shown in this figure, K eff tends to increase with a decrease in the water density of up to 0.2 g/cm 3 . The maximum value of K eff is generally reached at a water density of 0.2e0.5 g/cm 3 . This increase causes the TRU storage to transform from a subcritical state into a supercritical state under certain accidental situations. For three levels of stacked canisters, the difference in K eff from lowest to highest is greater than that for other levels of stacked canisters because of the water density.
Because the density of water for the highest K eff differs depending on the TRU H/R ratio and the number of stacked canisters, this value should be determined. Table 2 shows the highest k eff according to the TRU H/R ratio and the number of stacked canisters among various postulated accidental situations. The water density corresponding to the highest K eff is shown in this table. These k eff values are plotted as a function of the TRU H/R ratio in Fig. 4 . Here, we found that the TRU H/R ratios should not exceed 4.5, 1.1, 0.5, 0.3, and 0.2 for two, three, four, five, and six levels of stacked canisters, respectively, so that TRU storage can be maintained in a subcritical state under extreme accidental conditions. In this figure, as the TRU H/R ratio increases, the K eff values increase for all stacked canister levels. In addition, the K eff values increase with the increasing number of stacked canisters. In other words, variation in the height has a greater effect on the variation of K eff than on the variation of the radius because increasing the height increases the probability of a fission reaction when neutrons move vertically. Decreasing the array size by reducing the radius, however, has a relatively small effect on the K eff values.
Conclusion
10CFR60.131 recommends that storage facilities should remain in a subcritical state even under extreme accidental conditions. Therefore, to determine the appropriate design parameters for TRU storage, a criticality safety analysis of a TRU storage area in a pyroprocessing facility was conducted using MCNP6. Various accidental situations were postulated for different water densities in submerged containers and for different pitches between the containers for a 5-year cumulative inventory of TRU ingots. In this work, we presented the threshold of the TRU H/R ratio depending on the number of stacked canisters so that the TRU storage area would remain in a subcritical state under extreme accidental conditions. The TRU H/R ratios should not exceed 4.5, 1.1, 0.5, 0.3, and 0.2 for two, three, four, five, and six levels of stacked canisters, respectively.
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